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Abstract
We unveil the diamondization mechanism of few-layer graphene compressed in the presence of water,
providing robust evidence for the pressure-induced formation of 2D diamond. High-pressure Raman spec-
troscopy provides evidence of a phase transition occurring in the range of 4–7 GPa for 5–layer graphene
and graphite. The pressure-induced phase is partially transparent and indents the silicon substrate. Our
combined theoretical and experimental results indicate a gradual top-bottom diamondization mechanism,
consistent with the formation of diamondene, a 2D ferromagnetic semiconductor. High-pressure x-ray
diffraction on graphene indicates the formation of hexagonal diamond, consistent with the bulk limit of
eclipsed-conformed diamondene.
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The search for a stable 2D diamond has gathered recent interest due to the possibility of com-
bining diamond’s distinguished properties, such as superior hardness [1] and heat conduction [2],
with exotic new properties that may arise from the reduced dimensionality. Its existence was first
proposed over a decade ago [3], and different structures have been theoretically proposed ever
since [4–7]. In most structures, stability is achieved by surface functionalization at the top and
bottom surfaces [3, 6, 7], sometimes called diamane [3] for bilayer, and diamanoı¨ds for thicker
layers [8]. Diamondene[9], another proposed 2D–diamond structure, greatly differs from those,
being covalently bonded to chemical groups only at the top surface while the bottom exhibits a
periodic array of dangling bonds. These unpaired electrons generate magnetism in diamondene,
and their periodic distribution gives rise to two spin-polarized bands, making it an ideal platform
material for spintronics [5, 9].
In this letter, we investigate the formation of diamondene via high-pressure experiments using
diamond anvil cells (DACs) and we provide structural information through high-pressure x-ray
diffraction (XRD). We use water as the pressure transmitting medium (PTM) due to its importance
in facilitating this phase transition [5, 9]. High-pressure Raman spectroscopy provides evidence
of a phase transition occurring in the range of 4–7 GPa for 5-layer graphene and graphite. The
pressure-induced phase is partially transparent and indents the silicon substrate, indicative of
extreme hardness. We combine experimental data with Molecular dynamics (MD) simulations
and Density functional theory (DFT) calculations to propose a full diamondization mechanism in
compressed few-layer graphene, providing robust evidence for the pressure-induced formation of
2D diamond. We show that the use of water PTM allows for a gradual top-bottom diamondization
process, consistent with the formation of diamondene.
High-pressure Raman experiments were performed on mechanically exfoliated graphene
samples transferred onto 25-µm-thick Si substrates (see details in Supplementary Information).
The sample is composed of a graphite piece sitting next to a five-layer graphene, as shown in
Fig. S1(d). The sample was compressed in the DAC using water as the PTM, and all Raman
spectra were acquired using a 532 nm excitation laser. Figures 1(a,b) show selected Raman
spectra of the compressed five-layer graphene and graphite, respectively, measured at different
pressures featuring the first-order Raman-allowed G band (≈ 1580 cm−1 in ambient pressure), and
the two-phonon Raman 2D band (≈ 2700 cm−1) [10].
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FIG. 1: Phase transition evidence obtained from Raman spectroscopy. (a,b) Selected Raman spectra at
different pressures for (a) five-layer graphene and (b) graphite. G and 2D bands are indicated with ∗ and
↓, respectively. (c,d) Plots of the G band frequency and full-width at half maximum subtracted from their
values at initial pressure, ∆ωG and ∆ΓG, respectively, as a function of pressure for (c) five-layer graphene
and (d) graphite. The blue-dashed lines indicate the critical pressures of the phase transition. (e,f) Plots of
the intensity ratio between the 2D and G band (I2D/IG) for (e) five-layer graphene, and (h) graphite.
Figures 1(c,d) show the plot of the pressure-evolution of the G band frequency subtracted from
its frequency measured in ambient conditions (∆ωG). The data were extracted from the Raman
spectra of five-layer graphene and graphite, respectively. Figures 1(c,d) show the evolution
of the full-width at half maximum of the G band, ∆ΓG. At low pressures, we observe the
expected strain-induced phonon hardening [11], by shifts in the G and 2D bands [12] to higher
frequencies without significant changes in ΓG [13]. The trend changes at ≈ 4 and ≈ 7 GPa for
both flakes. These critical pressures are evidenced by the blue dashed lines in Figs. 1(c,d). The
most remarkable change is an abrupt increase in ΓG, which is considered a signature of structural
phase transitions in compressed graphite [14–16]. For both five–layer graphene [Figs. 1(a,c)]
and graphite [Figs. 1(b,d)], ΓG suddenly broadens around 4 GPa, indicating the onset of a phase
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FIG. 2: Evidence of pressure-induced transparency and formation of a hard phase. (a) Raman spectra
of graphite at different pressures. From 7.1 GPa, the Raman peak from the silicon substrate appears at
approximately 550 cm−1. (b) Plot of the ratio between intensities of the silicon peak from the substrate area
under the graphite piece (ISi,Gt) and from an uncovered substrate area nearby (ISi). (c) AFM topographical
images of the graphite flake post compression, showing deep grooves formed along the edges of the flake.
The image on the right is a 3D-perspective of the image on the left.
transition, and remains relatively constant above 7 GPa, indicating a completed transition.
The occurrence of a phase transition is further bolstered by the concomitant abrupt intensity
suppression of the 2D band, as observed in the Raman spectra shown in Figs. 1(a,b) and
systematically depicted in the plots of the ratio between the 2D and G bands intensities, I2D/IG, as
a function of pressure, shown in Figs. 1(e,f) for the five-layer graphene and graphite, respectively.
Since the 2D band originates from double-resonance mechanisms [10], its intensity is highly
sensitive to changes in the electronic structure due to structural changes [17].
After 7.1 GPa, the Raman peak at ≈ 1520 cm−1 from the SiO2/Si substrate area under the
graphite flake becomes detectable, as shown in Fig. 2(a)– an indication of transparency. Fig-
ure 2(b) quantifies this transparency event by showing the plot of the ratio between the intensity
of the Si Raman peak measured from an area under the graphite flake, ISi,Gt, and its intensity
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FIG. 3: Raman spectra acquired at ambient pressure before and after compression of the four–layer
graphene sample.
measured directly on the Si substrate, ISi, as a function of pressure. As Fig. 2(b) shows, the
ratio becomes ≈ 0.25 for pressures above 7.1 GPa, indicating that the flake became partially
transparent. Indeed, the optical images of the sample inside of the DAC at different pressures
suggest a gradual top-bottom increase in transparency of the flakes in the 4–7 GPa range (see
discussion in Supplementary Information).
Upon phase transition, the optical images show cracks on the substrate along directions defined
by the edges of the flake (Figure S3), indicating the formation of a hard phase. To confirm this
feature we compressed a sample containing a four–layer graphene and a graphite flake on SiO2/Si
in a DAC, up to 8 GPa using water PTM. The atomic force microscopy (AFM) topographical
images of the recovered sample clearly show indentation marks on the SiO2, following the shape
of both graphite [Fig. 2(c)] and four–layer sample [Fig. S4] . Furthermore, the Raman spectra of
all recovered samples are remarkably similar to those of hydrogenated graphene [18], exhibiting
strong defect-induced D and D
′
Raman bands [10], consistent with a partial functionalization of
graphene. As an example, Fig. 3 shows the Raman spectra before and after decompression, at
ambient condition, for the four–layer graphene.
To obtain information on the crystal structure of the new phase, we performed high-pressure
XRD on a graphene powder using water PTM. A graphene powder was used instead of a single
few-layer graphene crystal, since the latter presents enormous challenges in terms of low x-ray
cross section, given its low atomic number and two-dimensional nature. The sample contains 86%
by mass of flakes with thickness below 20 layers (see details in Supplementary Information). The
sample was compressed to a maximum pressure of 18 GPa, and decompressed to a final residual
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pressure of ≈ 3 GPa. Figure 4(a) shows the diffraction intensity as a function of d–spacing at the
initial pressure. The peaks from graphitic/graphene (G) systems at 0 GPa are labeled in Fig. 4(a).
Figure 4(b) shows the evolution, with increasing pressure, of the intensity and d-spacing of
the G002 peak, from which the out-of-plane lattice parameter c can be obtained. The G002 peak
shifts with increasing pressure due to graphene’s large compressibility along the c–axis [19], and
its intensity remains practically constant until ≈ 5 GPa, after which it starts to decrease, becoming
undetectable above 15 GPa. Such a decrease can be assigned to the onset of the phase transition,
in agreement with the onset pressures observed in the Raman experiments. Upon decompression
[Fig. 4(c)], a new peak is resolvable between G101 and G100. The rise of a peak with similar
features has been reported in room-temperature compressed graphite upon decompression and
assigned as 002 of hexagonal diamond (HD) [19]. As shown in Fig. 4(b), a good agreement exists
for the two strongest peaks HD002 and HD100. Other HD peaks could not be identified, likely
due to a combination of low intensity, unfavorable spatial orientation of flakes that meet the Bragg
condition and overlap with ICE VII or graphene peaks, as can be seen in Fig. S11. In fact, it is
possible to see the rise of the HD002 peak at approximately 14 GPa [Fig.4(c)].
To interpret the experimental results, we carried out MD simulations and DFT calculations.
Both theoretical schemes assume a starting system of an AB–stacked five–layer graphene whose
top surface is covered with either –OH or –H groups. These are assumed to originate from
water molecules in reactions under high pressures at the surface of graphene [5] (see details in
Supplementary Information), and play a fundamental role in both rehybridization and stabilization
processes [20].
Figure 5 presents three snapshots with increasing pressure obtained from MD simulations. The
pressure was applied to the system by a moving piston modeled as a Lennard-Jones wall. Upon
compression, the phase transition starts with the diamondization of the first two layers, giving rise
to diamondene. For the formation of covalent bonds between diamondene and the graphene layer
underneath to occur, the pressure needs to be further increased since the distance between the
layers is too large to allow for the rehybridization. In this process, called vertical propagation, the
third graphene layer displaces horizontally resulting in a transformation from an ABA to an ABB
trilayer stacking configuration.
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FIG. 4: (a) XRD intensity as a function of d–spacing of the graphene powder at the initial pressure. The
peaks from graphitic/graphene (G) systems at 0 GPa are labeled. (b) Intensity and c parameter obtained
from the G002 peak as a function of increasing pressure. Error bars represent the 95% confidence interval
obtained from the fitting. (c) Zoomed XRD diffractograms upon decompression, from maximum pressure
of 18 GPa down to residual pressure of ≈ 3 GPa as a function of d–spacing. The peaks from hexagonal
diamond (HD), graphite (G), and Ice VII are labeled at the bottom. The hexagonal diamond peaks were
simulated from the bulk limit of BB stacked diamondene at 0 GPa. These peaks match those reported
for hexagonal diamond in Ref. [19]. Upon decompression, the intense Ice VII peak (d–spacing ≈ 2.1 Å at
18 GPa) retracts and a resolvable new peak can be seen at ≈ 2.08 Å, consistent with HD002, in between
G100 and G101. (d) XRD diffractograms at increasing pressures showing the HD002 peak appearing at
≈ 2.06 Å at approximately 14 GPa in between G100 and G101.
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FIG. 5: Snapshots of the MD simulation of the H-functionalized five-layer graphene system with increasing
pressure.
The DFT calculations confirm this gradual-top bottom diamodization process. Figures 6(a,b)
show the optimized geometries for two configurations with increasing applied force, obtained
from DFT calculations. To mimic the application of pressure, we employed a hard-wall constraint
in the lowest carbon atoms, which are not allowed to move in the negative z–direction, while a
predefined force was applied in the oxygen atoms of the –OH groups which functionalize the
upper graphene surface. Under compression, the diamondene structure is initially formed with
the underlying three-layer graphene protecting the array of dangling bonds [Fig. 6(a)]. Inter-
estingly, a similar structure has been recently reported from a hot-filament process of few-layer
graphene [21]. Next, by increasing the applied forces, a completely rehybridized five–layer
geometry characterized by an ABBBB stacking is obtained, as shown in Fig. 6(b). In the BB
part of that stacking, the interlayer bonds are in an eclipsed conformation. The electronic band
structure corresponding to the ABBBB stacking, shown in Fig. 6(c), preserves the main features of
the diamondene – localized states at the dangling bonds leading to a pair of spin-polarized bands.
Different rehybridized geometries are possible (see discussion in Supplementary Information).
The vertical propagation mechanism explains several features of the experiment, for instance,
the XRD data. Since there is no indication of significant water intercalation in the graphene
powder- the initial d-spacing is 3.323 Å [see Fig.4(b)], while the basal spacing of graphite is
3.3553 Å [22]- it is reasonable to propose a top-bottom diamondization process, as shown in
Figs. 6(a,b), starting at the surface (in contact with water), and propagating towards the powder’s
core. As the crystal grows, in the bulk limit, one should expect a BB stacked configuration
[Fig. 6(b)], which is precisely the crystal structure of hexagonal diamond. Also in the bulk
limit, one should expect a detectable XRD signal, with intensity strong enough to overcome the
broad graphene peaks. Moreover, the fact that the HD002 peak rises as the G002 graphene peak
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FIG. 6: Evolution of the sp2–sp3 restructuring process. (a,b) DFT results with increasing applied force,
also showing the Local Density of States (blue bubbles) of the dangling bonds above Fermi level (see details
in Supplementary Information). In the last configuration (b), the system is completely rehybridized, and the
staking order is ABBBB. (c) Band structure for the all–sp3 configuration. Blue and yellow lines represent
the two spin components.
vanishes is consistent with our model, in which diamondene and graphene share the same c-axis.
The model also explains the asymmetric shape of the Raman G band for both 5–layer graphene
and graphite after the onset of the phase transition. Starting from 4 GPa, the G band exhibits an
asymmetric shape, which is more pronounced for graphite [Figs. 1(a,b)]. This could be caused
by the coexisting pristine and hybridized phases during the vertical propagation [Fig. 6(a)], with
distinct G band frequencies of narrowed and broadened bandwidth, respectively. This feature
was confirmed, and other aspects of the model were further investigated in a high-pressure
Raman experiment comparing graphite and a graphene powder (see discussion in Supplementary
Information). Another important aspect to be noted is the shape of the 2D band of the recovered
samples post-compression. As observed from the Raman spectra obtained from the recovered
samples, shown in Fig.3, its symmetrical shape indicates that an overall loss of stacking order
occurred in those flakes [10], consistent with lateral sliding between layers during compression.
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Most previous experimental indications of the existence of a 2D diamond have been obtained
by tip-compression [5, 7, 23], hydrostatic compression [9, 24] or hydrogenation of few-layer
graphene [8, 25]. Even though these works promoted significant advances in the field, they did
not provide structural information about the new phase. Recent preprints investigate the formation
of diamane [26] and diamanoı¨ds [21] via chemical-functionalization routes, reporting structural
information through transmission electron microscopy and low-energy electron diffraction,
respectively.
In summary, Raman spectroscopy data identified the critical pressures for five-layer graphene
and graphite. The pressure-induced phase is partially transparent and indents the silicon substrate.
Our combined theoretical and experimental results indicate a gradual top-bottom diamondization
process, which starts with the formation of bi-layer diamondene and propagates along c axis to
the bottom. High-pressure XRD data indicated the formation of hexagonal diamond, consistent
with the bulk limit of eclipsed-conformed diamondene. Evidence of functionalization from the
recovered samples suggests that a stable 2D diamond could be obtained through further tuning of
the synthesis parameters, e.g., by increasing temperature.
SUPPLEMENTARY INFORMATION
Sample preparation
To miniaturize the samples, a method based on etching horseshoe-shaped trenches on a thin
silicon wafer was developed. This method can be used to systematically load 2D materials and
related heterostructures into DACs, a common bottleneck in high-pressure experiments involving
these types of systems.
Horseshoe-shaped trenches were etched through 25-µm-thick Si substrates covered with a
300-nm-thick SiO2 layer as shown in Figure S1a. The graphene flakes were deposited onto the
regions surrounded by the trenches, using the pick–up/transfer technique described in Ref. [27].
Afterward, the tiny (≈ 70 µm of diameter) SiO2/Si disk supporting the graphene piece is cleaved
and detached from the SiO2/Si wafer using a sharp stainless steel tip, and the same tip is used to
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bring the disk inside the diamond anvil cell (DAC), as illustrated in Fig. S1b.
The graphene powder was prepared by liquid–phase exfoliation of natural graphite. The
sample was centrifuged at 15 kG. Statistical AFM analysis [28] was carried out over more than
4000 flakes, and the results show that ≈ 25% of the sample, in mass, is composed of few–layer
graphene flakes (less than 5 layers), ≈ 35% is composed of graphene platelets with thicknesses
between 6 and 10 layers, ≈ 26% is composed of platelets with thicknesses between 10 and 20
layers, and ≈ 14% of flakes with more than 20 layers. In fact, from the XRD data taken at ambient
pressure, one can notice that the G002 and G101 peaks from graphene are broad, an indication
of poor degree of crystallinity along the c axis, as expected for a powder composed of randomly
stacked 2D flakes. To avoid the presence of residual water content and reagents, the sample was
heated up to 400 Co.
High-pressure Raman
Raman spectra were acquired using an alpha 300 system RA from WITec (Ulm, Germany)
equipped with a highly linear (0.02%) piezo-driven stage, and objective lenses from Nikon (10×,
NA = 0.3 for high-pressure measurements and 50×, NA=0.55 for room condition measurements).
A diode pumped solid state polarized laser, λ = 532 nm, was used. The incident laser was
focused with a diffraction-limited spot size (0.61λ/NA), and the Raman signal was detected by a
high-sensitivity, back-illuminated CCD located behind a 600 gmm−1 grating. The spectrometer
used was an ultra-high throughput Witec UHTS 300 with up to 70% throughput, designed
specifically for Raman microscopy. To avoid damage due to sample heating, measurements
were performed with powers of approximately 3 mW and 9 mW for the 50× and 10× objectives,
respectively.
High-pressure Raman measurements were done with a gas-membrane driven DAC, micro-
Scope DAC-HT(G), using Inconel 718 pre-indented (∼ 90µm) gaskets. It is important to note
that at pressures below 3 GPa, the 2D peak partially overlaps with the second-order Raman
peak originated from the DAC’s diamond anvils. The pressure was monitored using the ruby’s
calibration method described in Ref. [29]. The spectra of G and 2D bands were fitted with Voigt
functions using the software PeakFit v4.12. The numbers of layers of graphene samples were
11
FIG. S1: Horseshoe technique to load 2D materials transferred onto SiO2/Si substrates into DACs.(a)
Optical image of a bi-layer graphene sample on a silicon disk. A ”horseshoe” shape is etched through
a 25µm silicon sample coated with a 300nm thermal oxide. Then, the 2D sample is transferred onto the
center of the silicon disk via the standard pick up and transfer technique.(b) Illustration of the ”breaking
and loading” process. First, the silicon disk containing the sample is pressed with the tip of a needle, in a
region away from the sample, until it cleaves. The sample/SiO2/Si is then picked up, and loaded into the
gasket hole with the aid of a needle. (c-d) Optical images of the samples inside the gasket hole of bi-layer
graphene (c) and five-layer graphene and graphite (d) The bi-layer graphene sample is the same one shown
in (a). (e) Schematic of the High-Pressure Raman experiments. The sample was loaded into a DAC together
with the ruby and water PTM. At each pressure, the Raman spectra was acquired with the 532nm laser
excitation.(f) Evolution of the G and 2D bands (at 1580 and 2700 cm−1 at ambient pressure, respectively)
with pressure for 5-layer graphene sample compressed in water PTM up to 18 GPa. The strong intensity
features at approximately 1330 and bellow 2670 cm−1 correspond to the first and second-order Raman peaks
from the top diamond of the DAC.
determined by standardized principal component analysis (PCA) of the 2D band[30].
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Indentation experiments
The high-pressure compression of the 4-layer graphene and graphite on SiO2 substrate sample
was performed with a Symmetric type DAC, using stainless steel pre-indented (∼ 90µm) gaskets.
The pressure was increased to 8 GPa and kept at this pressure for 12 hours, after which, the
DAC was opened and the sample was recovered and its spectra collected. No Raman spectra
were acquired during compression. Raman spectra were acquired after decompression using a
confocal microscope spectrometer (Horiba LabRAM HR Evolution) in a backscattering geometry,
with a 50× objective lens and 532 nm laser. The measurement was performed with a power of
approximately 3 mW to avoid damage due to sample heating.
The AFM topography measurement of the recovered samples was performed with a Cypher
S AFM Microsope using an AC240TS-R3 cantilever from Oxford Instruments, with resonance
frequency at 70 Hz.
High-pressure x-ray diffraction
High-pressure XRD measurements were conducted at 16ID-B of High Pressure Collaborative
Access Team (HPCAT) at the Advanced Photon Source(APS), Argonne National Laboratory, us-
ing a symmetric type DAC. The incident monochromatic x-ray beam, λ = 0.40663 Å was focused
down to 5-10 µm in diameter, and the XRD patterns were collected on a Pilatus Area Detector.
The XRD spectra were analyzed using Matlab for background subtraction and PeakFit v4.12 for
Voight fitting the G002 peak.
Theoretical calculations details
In the MD simulations, performed with the LAMMPS [31] software, atoms were treated as
point particles interacting through the AIREBO [32] potential. The H-functionalized five-layer
graphene was represented by 22.880 and 2.288 carbon and hydrogen atoms, respectively, and
boundary conditions were imposed in the in-plane x- and y- directions. The time step was set to
0.25 fs. We employed the Nose´-Hoover thermostat [33] scheme to keep the average temperature
at 300 K. Additionally, the Nose´-Hoover barostat was used in order to allow for fluctuations in
the lateral (xy) box dimensions (external pressure set to 1 bar). The five layers were placed in
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the AB stacking, with a repulsive wall placed immediately bellow the fifth layer. The pressure
was applied to the system by a moving piston modeled as a Lennard-Jones (LJ) wall, initially
placed 4 Å above hydrogen atoms, with energy and distance parameters of 1.0 meV and 3.0 Å,
respectively. Simulations were divided in two stages, the preparation and production ones. The
preparation stage comprised a structure minimization followed by a temperature equilibration
dynamics, in which the system was linearly heated from 30 K to 300 K during 25 ps and kept at
this temperature for further 25 ps. In the first part of the production stage - the loading process
-, the distance between the piston and the system was linearly decreased during 200 ps, leaving
an average graphene interlayer separation of 2.6 Å. Piston position was kept for 400 ps, and then
returned to its initial position after additional 100 ps.
In the DFT [34, 35] calculations, we employed the SIESTA implementation [36], making use
of norm conserving Troullier-Martins pseudopotentials [37] in the factorized Kleinman-Bylander
form [38]. The basis set was composed of double-zeta pseudoatomic orbitals of finite range
augmented by polarization functions - the DZP basis set. The generalized gradient approximation
(GGA) [39] was chosen to represent the exchange-correlation functional. We performed integrals
in real space using a grid defined by a meshcutoff of 350 Ry, and the Brillouin zone was sampled
using a k-grid cutoff of 30 Å. The geometries were considered optimized when the maximum force
component (not constrained) in any atom was less than 10 meV/ Å. To mimic the application of
pressure, we employ a hard-wall constraint in the lowest carbon atoms, which are not allowed to
move in the negative z–direction, while a predefined force is applied in the oxygen atoms of the
–OH groups which functionalize the upper graphene surface.
In the MD simulations, we chose hydrogen functionalization of the upper graphene layer since
model potentials for C-H bonds are well described in literature. DFT calculations can be per-
formed with either –OH and –H groups, rendering basically the same results. We chose -OH to
be consistent with similar models reported in previous studies [5, 9]. For plotting the LDOS of
the dangling bonds in Figure 6a-b, the Xcrysden program was used [40]. An isovalue of 0.01 was
used in Fig. 6a and 0.015 in Fig. 6b. The XRD simulation of BB bulk diamondene was obtained
from Rietveld refinement using the RIETAN-FP software [41] as implemented in the VESTA
program‘[42].
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Hydrostatic limit of water PTM
Piermarini et. al [43] investigated the hydrostatic limit of water, among other PTMs, in DAC
experiments using two methods: (I) measuring the pressure at several different locations from
ruby crystals spread across the chamber and (II) by measuring the spectral linewidth of the R1
fluorescence peak from ruby. From (I), they observed an unexpected low-pressure gradient to
pressures above 10 GPa and up to ∼ 14 GPa with practically no pressure gradient up to 10 GPa and
from (II), they observed an increase in linewidth that is consistent with the observations from (I).
Olinger et. al [44] performed high-pressure XRD on a mixture of aluminum powder and distilled
water, and they reported no effects due to localized non-hydrostatic stresses or detection of pressure
gradients over their pressure range, which was up to 8 GPa. Our analysis of the linewidth of the R1
and difference in peak position between R1 and R2 ruby fluorescence peaks, shows no indications
of non-hydrostatic stress until ∼ 10 GPa and supports those observations from previous works. It is
important to mention that most of our evidence of phase transition from the High-Pressure Raman
experiments were obtained in a pressure range bellow 7 GPa.
Optical changes of 5-layer graphene and graphite samples during compression
Consistent with the Raman spectroscopic signatures of a pressure-induced phase transition,
changes in the optical properties of the 5-layer graphene and graphite flakes were also observed
in the 4–7 GPa range. Figure S2 shows optical images of the sample inside the DAC at different
pressures. Starting at 4.5 GPa, a series of color changes occur in the graphite flake, with the
formation of a yellow region which spreads over the flake with increasing pressure, then gradually
turns to a color similar to the substrate – an indication of increasing transparency. The 5–layer
graphene and graphite flakes can no longer be seen at 6.4 GPa and 7.1 GPa, respectively.
Overall, the observation of these changes in the optical properties of the flakes suggests a
gradual top-bottom increase in transparency, consistent with a phase transition starting with the
first top layers and propagating to the bottom with increasing pressure.
Indentation evidence
Figure S3 shows the formation of cracks on the silicon along directions defined by the edges
of the flake after the pressure-induced phase transition of the five-layer sample. Those features
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FIG. S2: Evidence of a gradual top-bottom transparency for 5-layer graphene and graphite samples during
compression. Optical images of 5-layer graphene and graphite samples inside of the DAC at different
pressures.In the first panel (0.9 GPa), the 5-layer graphene is highlighted by the dashed ellipse, and the
graphite flake is indicated by the arrow. At 4.5 GPa, a color change occurs in the graphite flake, with the
formation of a yellow strip. With increasing pressure to 5.5 GPa, the yellow region spreads over the graphite
flake. At 6.4 GPa, the 5–layer graphene flake turns transparent. The yellow color remains only at the top-
half region of the graphite flake, and its bottom-half shows a color similar to the substrate – an indication
of transparency. At 7.1 GPa, the color changing ends, and the flakes can no longer be seen. The subsequent
color changes are likely related to fractures on the substrate, damaging the SiO2 layer.
are consistent with the formation of a hard-phase upon phase transition.
Figure S4 shows the AFM topographical image of the four-layer sample after compression,
where it is possible to see the grooves on the silicon substrate along the edges of the flake. For
comparison, indention experiments on SiO2 [23] show that this material can only be indented
by a few angstroms in the estimated pressure range of 0-7 GPa. However, the deep grooves
formed along the edges of the flakes –as shown by the AFM image – indicate that SiO2 was
indented by a few nanometers in the current case. Indentation experiments performed on graphene
16
FIG. S3: Evidence for the formation of a hard phase during compression. Optical images highlighting
the flake contours by black dashed lines before (left) and after (right, inside red box) phase transition for
five-layer graphene. The silicon fractures are highlighted by the red-dashed lines.
FIG. S4: Evidence of indentation of the SiO2/Si substrate from the recovered four-layer graphene sample.
AFM topographical images of the four-layer graphene flake after compression, showing the deep grooves
formed on the silicon oxide substrate along the edges of the flake. The white dashed line separates the SiO2
substrate and flake regions.
of different thicknesses on SiO2, showed that graphene systems (1–3 layers and graphite) are softer
than SiO2 [23], being unable to cause this type of indentation. This confirms the formation of a
hard phase during compression, capable of indenting the silicon oxide substrate.
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FIG. S5: DFT Model for the origin of the -OH and -H chemical groups in diamondene. Two views of initial
(left) and final (right) configurations for a graphene bilayer covered with H2O molecules and subjected to
pressure. The initial interlayer distance is 2.3 Å.
Origin of the -OH and -H chemical groups in diamondene
The formation of -H or -OH groups in the water-graphene interface under pressure is a complex
issue due to the difficulties in simulating a chemical reaction through first principles calculations,
and it is beyond the scope of our work. Nevertheless, simplified mechanisms may be proposed
to shed light upon the role of the dissociation of water molecules in the rehybridization process.
To this purpose, we propose an initial configuration for the first principles geometric optimiza-
tion in which H2O molecules are placed on top of a bilayer graphene. Then we apply pressure
on the system by decreasing the graphene interlayer distance and by constraining the vertical dis-
placements of the bottommost carbon atoms and of the oxygen atoms, the so-called hard-wall
constraints. Figure S5 on the left shows this initial geometry with a interlayer distance of 2.3 Å.
Upon optimization, a OH bond increases while the graphene layers approach each other becoming
increasingly corrugated. Eventually, the O-H bond breaks and the hydrogen atom binds to the
neighboring H atom, forming a H2 molecule which becomes physically adsorbed on top of the
diamondene structure just formed. This last configuration is shown in Fig. S5, on the right.
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FIG. S6: Evolution of the sp2–sp3 restructuring process considering functionalization on both surfaces.
(a–b), DFT results for five-layer system functionalized on both surfaces for two values of applied force.
The final system is a mixture of AB and BB stackings.(c), Band structure for the final configuration. The
band gap opens up to 4.07 eV.
Possibility of different rehybridized geometries from DFT calculations
Due to the importance of kinetic aspects, our DFT calculations do not aim to find the lowest
energy configuration. Rather, given the initial conditions (interaction between graphene and —OH
groups), our conclusion is that, in fact, mixed stacking orders are highly likely. In a systematic
investigation of this problem, Xie et al. [45] have ascribed this hexagonal diamond order to a
facile initial nucleation mechanism, involving the existence of coherent sp2–sp3 interfaces. Still
according to their results, cubic diamond growth should have a much slower kinetics and should
be mixed with that of hexagonal diamond.
The AB and AA stacking types still coexist in a model which takes into account function-
alization on both upper and lower surfaces. In this model, the first rehybridized geometry is
symmetric and composed of a pair of diamondene structures separated by a graphene layer, as
shown in Fig. S6a. With increasing pressure, this layer also becomes sp3–hybridized, leading to
the structure shown in Fig. S6b – the resulting stacking is ABCCB. The double functionalization
saturates all dangling bonds – as a result, no localized states appear in the spectrum, and the band
gap opens up to 4.07 eV, as shown if Fig. S6c.
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Detailing the sp3 bond formation from MD simulations
We further detail the sp2-sp3 restructuring process of the compressed AB-stacked five-layer
graphene. As explained in the main text, the phase transition starts with the diamondization of the
first two layers, giving rise to diamondene. This happens in two steps, the first being nucleation:
the formation of random chemical bonds between the two layers due to their closer proximity,
allowing for the sp2–sp3 rehybridization of the carbon atoms. Such a process is greatly facilitated
by the presence of –H groups on the top surface. Once these chemical bonds are formed, they
trigger the sp3 conversion across the first two layers through a cooperative phenomenon[46]
in which each tetrahedral bond favors the formation of a neighboring sp3 bond. As a result,
the diamondene structure is formed in this so-called horizontal propagation. For the vertical
propagation to occur, the pressure needs to be further increased.
Figure S7 presents heatmaps in which the colors represent local interlayer distances. Panels
show layer pairs distances at three different times: 175 ps, 225 ps, and 275 ps between layers
1 and 2 (a)-(c), 2 and 3 (d)-(f), 3 and 4 (g)-(i). We consider a sp3 bond to be formed if the
interlayer distance is equal to or less than 1.6 Å. Regions in orange have typical interlayer
distances of about 2.6 Å, which indicates non-sp3 bond formation. Regions approaching the
purple color, corresponding to a distance of 1.6 Å, indicate the sp2–sp3 phase transition occurrence.
From Fig. S7 we see that all possible sp3 bonds between layers 1 and 2 are formed, considering
the range of pressures of our simulations. Layers 2 and 3 form 45% of possible sp3 bonds while
layers 3 and 4 form only 5%. It is worth mentioning that such sp2–sp3 transitions occur in a
narrow time window of few picoseconds for layers 1 and 2 and of femtoseconds between other
pairs.
We also see from Fig. S7 the occurrence of sp3 bonds across layers in the xy plane. The
observation of the vertical blue lines in the second panel of heatmap (t = 275 ps and bonds between
first two layers) is a clear signature of the collective process.
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a. Layers 1 and 2, t = 175 ps
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) c. Layers 1 and 2, t = 275 ps
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d. Layers 2 and 3, t = 175 ps
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) e. Layers 2 and 3, t = 225 ps
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) f. Layers 2 and 3, t = 275 ps
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g. Layers 3 and 4, t = 175 ps
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) h. Layers 3 and 4, t = 225 ps
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-40 -20  0  20  40  60  80  100
x-axis (Å)
-40
-20
 0
 20
 40
 60
 80
 100
y-
ax
is
 
(Å
)
 1.4
 1.6
 1.8
 2
 2.2
 2.4
 2.6
 2.8
di
st
an
ce
 
be
tw
ee
n 
la
ye
rs
 
(Å
)
FIG. S7: Heatmaps showing interlayer distances between pairs of layers during compression for AB-
stacked five-layer graphene. Heatmaps showing distances between (a)-(c) layers 1 and 2, (d)-(f) layers 3
and 4, and (g)-(i) layers 3 and 4 for different times. Distances between layers 4-5 are not shown since no
sp3 bonds were formed.
High-pressure Raman experiment to further investigate our model
To further investigate the importance of the stacking order in the graphene system for the
propagation processes, we carried out additional high-pressure Raman experiments, compressing
a graphite piece and a graphene powder in a DAC using water as the PTM. All Raman spectra
were acquired using a 532–nm excitation laser. The graphene powder had the same flake-thickness
distribution as the powder used in the High-pressure XRD experiments. The graphite piece and
the graphene powder were compressed to a maximum pressure of 8 GPa and 30 GPa, respectively.
Figure. S8a–b shows a plot of the G band frequency, ωG, and width ΓG subtracted from their
initial values at ambient pressure for graphite and the graphene powder, respectively. In agreement
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FIG. S8: Comparison between Raman spectra features from graphite and a graphene powder under com-
pression. Plots of G band frequency and full width at half maximum subtracted from their values at initial
pressure, ∆ωG and ∆ΓG, respectively, as a function of pressure for (a) graphite and (b) graphene powder.
Raman sepctra showing the G band at different pressures for (c) graphite and (d) graphene powder.
with our high-pressure Raman experiments, both samples showed an abrupt ΓG broadening in
the 4–7 GPa range. However, the shape of the G band with increasing pressure for each sample,
shown in Figs. S8c–d for graphite and the graphene powder, respectively, is quite different. After
the onset of the phase transition, occurring at ∼ 5 GPa for the graphite piece, and at ∼ 7 GPa for
the graphene powder, the G band assumes an asymmetric shape for the former while it remains
mostly symmetrical for the latter. Since the main difference between these samples is in their
stacking order, the explanation on the difference in G band’s shape upon compression, must be
related to this feature.
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The G band asymmetry in graphite was already explained in the main text in terms of scattered
Raman signals coming from the coexisting pristine and rehybridized layers during vertical
propagation, as illustrated in Fig. 6(a) of the main text. For the graphene powder, due to the
random stacking between flakes of different thicknesses, the vertical propagation is inefficient,
and one should expect the surface of the powder to consist of rehybridized flakes while the bulk
remains unhybridized. Therefore, the Raman spectra of the compressed graphene powder should
be largely dominated by the unhybridized flakes from the bulk, giving rise to the symmetrical G
band shape. Furthermore, we don’t see the clear kinks in ωG × P plots at the critical pressures as
observed in Figs. 1(c-d) of the main text (the kink at ∼ 24 GPa is likely related to changes in the
compression regime due to non-hydrostatic stress components from the water PTM).
As the pressure increases, the diamondization propagates from the surface to the bulk at a
slower rate, when compared to flakes with a defined stacking order. For instance, the graphene
powder does not become entirely transparent with increasing pressure, as can be seen from Fig. S9,
which shows optical images of the graphene powder inside the DAC at different pressures. Only
certain regions of the powder, shown by the dashed ellipses in Fig. S9, become visually more
transparent. Those regions are probably where the stacking order is more favorable for the vertical
propagation to occur.
Extinction of G002 peak and pressure range of phase transition
It is unlikely that the decrease of G002 peak intensity could be due to a flake alignment to
the compression axis[19], since the 002 diffraction pattern remains a ring of relatively uniform
intensity through the whole experiment (Fig. S10), and the PTM does not show non-hydrostatic
components until approximately 10 GPa. Moreover, the large number of flakes and their low
aspect ratio (average lateral size of ≈ 100 nm, as revealed by AFM), should avoid them to assume
preferred orientation during compression.
It is important to note that the long range in pressure of this phase transition, compared to
the Raman measurements, can be explained by our model. The random stacking of the flakes in
the powder should make the vertical propagation inefficient, as previously explained, requiring
more pressure for it to happen and therefore extending the pressure range of the phase transition,
compared to the single crystals with well defined stacking order.
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FIG. S9: Optical images of the graphene powder inside the DAC at different pressures. The dashed ellipses
at 5.7 GPa and 8.0 GPa shows regions of increasing transparency as the pressure is increased.
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FIG. S10: Powder-diffraction images obtained from the Area Detector at different pressures. The red arrow
on the top left panel indicates diffraction coming from the G002 peak.
25
FIG. S11: Selected plots of XRD intensity as a function of d-spacing at different pressures for the graphene
powder compressed in a water PTM. The graphene powder compressed up to (up arrows) 18 GPa and
decompressed (down arrows) to a residual pressure of 3 GPa. In the panels, the XRD diffractogram of
graphene, Ice VII and AA bulk diamondene/hexagonal diamond are exhibited for comparison. The XRD
diffractogram of graphene is obtained at 0 GPa in all panels. The XRD diffractogram of Ice VII were
extracted from a separated experiment compressing water up to 11 GPa and, in each panel, the spectra
obtained at a pressure closest to the one represented in the panel was chosen.
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